Abstract The NiTiHf high-temperature shape memory alloys represent a significant advancement in extending the functionality of binary NiTi to elevated temperatures above 100°C. Despite this potential, the previous results in the literature point to a disappointingly low shape memory strains with addition of Hf. On the other hand, based on theoretical analysis using the lattice constants, the transformation strains should increase substantially with increase in Hf content. The present paper addresses this discrepancy, and using atomistic simulations, determination of twinning modes in martensite with transmission electron microscopy, digital image measurements of habit plane orientation, and strains in single-crystal specimens show that the experimental transformation strains in NiTiHf indeed increase with increasing Hf to unprecedented strain levels near 20%. The Hf contents considered were in the range 6.25-25 at.%, and NiTi (0% Hf) results are provided as the baseline. The current work represents more than 60 experiments representing an extremely thorough study on single crystals and polycrystals.
Introduction Historical Background
NiTi alloys are the most widely used shape memory alloys (SMAs) due to their superior superelastic and shape memory behavior [1] . The NiTi possesses high transformation strains [2] , low thermal and stress hysteresis [3] , and good fatigue resistance [4] . The alloy has been a technological success with applications ranging from biomedical (mostly stents) to mechanical devices (such as actuators). Its behavior is well understood at the macro-level [5] and many issues at the micro-level are continuing to be investigated [6] . The NiTiHf alloys are relatively unexplored compared to NiTi, but have attracted considerable attention in the last 10 years [7] [8] [9] [10] [11] [12] [13] [14] [15] . The NiTiHf exhibits excellent slip resistance [16, 17] and high transformation temperatures [18] . At this stage, the basic SMA properties of NiTiHf are still being determined and the results are found to be highly dependent on many factors such as composition, (Ni/Hf contents), heat treatments, aging to generate precipitates, test temperatures, tension versus compression, and dislocation slip resistance [7] [8] [9] [10] [11] [12] [13] [14] [15] . Early works on transformation strains focused on the addition of Hf in the range [15] [16] [17] [18] [19] [20] at.% [19, 20] were insightful. In this study, we show the functionality of the new NiTiHf ternary alloys with Hf contents as high as 25 at.%. 
Insight into NiTiHf Alloys
The calculations of the transformation strain for the binary NiTi have been published in early works and compared with experiments with good overall agreement [2, [21] [22] [23] [24] . The highest transformation strains in binary NiTi have been observed as 10% in tension and 5.5% in compression. It is noteworthy that the theoretical transformation strains for NiTiHf are superior for both tension and compression compared to NiTi, while the asymmetry in tension-compression prevails. The strain increases linearly with Hf content [25] , and so even small additions of Hf produce higher magnitudes of transformation strains. Since the NiTiHf transformation strains in compression can reach as high as 7% without the propensity of fracture, this can open up new applications. The tensile strains can reach near 15% which also exceeds the binary NiTi alloys (10%) and can find specific uses. In this paper, we provide the calculations of the transformation strains for the NiTiHf SMAs with different Hf compositions (as high as 25 at.%) to elucidate our point. The use of the NiTi binary system is limited by its transformation temperature to below 75°C. To increase the transformation temperature of the alloy to above 120°C, ternary Hf elements can be added. With small additions of Hf, the transformation temperature may not exhibit an observable increase; however, above 15 at.% Hf, the transformation temperature changes becomes substantial and can reach 350°C. Other ternary elements have been attempted to raise TTs, but Hf provides the best mechanical properties [7, 10, 18, 19, [26] [27] [28] [29] [30] [31] [32] [33] such as slip resistance ([1 GPa) [16] , reasonable cost (compared to Pd and Pt). The range of Hf can vary from less than 10 to as high as 25 at.% and can elevate the transformation temperatures from 75 to 400°C. This increase can potentially open new applications.
The Need for Present Work
As stated above, previous papers postulated the potential niche role of NiTiHf alloys in the SMA field. Notwithstanding this promise, the experimental results of transformation strains fell considerably short of theoretical values by a factor of two to three in most cases. Most experiments on NiTiHf were conducted under compression, while it is known that the NiTi-based alloys exhibit higher strains in tension [34] . Therefore, we focus attention on tensile transformation strain cases in this paper to shed light into the difference between transformation strains from theory and experiment.
Based on previous works, valuable insight has been gained through many articles and reviews on the SMA metrics of the NiTiHf alloys [18] . More recently, the digital image correlation (DIC) technique is used which is an optical method of precise strain measurement by tracking the speckle patterns on specimen surfaces. The detailed procedures have been published elsewhere [35, 36] . The DIC provides insight into the spatial nature of the transformation strains, and can pinpoint active martensite regions and untransformed (elastic) domains. With DIC, high transformation strain exceeding 10% were measured in our previous work [37, 38] 24.7 alloy, the transformation temperatures measured from differential scanning calorimetry (DSC) are as follows: austenite start temperature A s = 251°C, the austenite finish temperature A f = 422°C, the martensite start temperature M s = 340°C, and the martensite finish temperature M f = 214°C. After aging at 500°C for 4 h, we found that the transformation temperatures are similar to those of the as-grown materials. The single crystal samples were cut from an ingot once the desired crystallographic directions are established. This was achieved by heating the samples to 500°C to the fully austenitic state and conducting X-ray diffraction in the austenitic state on the single crystal ingots. For the Ni 50.5 Ti 36.2 Hf 13.3 alloy, the transformation temperatures are much lower: M s = -31.7°C, M f = -69.4°C, A s = -14.8°C, and A f = 31.2°C. The X-ray diffraction was used to orient these ingots as well, and then specimens were cut at desired orientations. In addition, the characterization of the superelasticity and shape memory effect of Ni 51.2 Ti 23.4 Hf 25.4 (at.%) has been investigated thoroughly in our previous studies [39] , which will not be elaborated here. Based on our strain values procured for both 13Hf and 25Hf materials, a large database has been established to gain an insight into the comparison between the theoretical and experimental strain levels.
Outline of the Present Work
To achieve a better understanding of these class of NiTiHf alloys, we undertake a comprehensive study that calculates the theoretical transformation strains in NiTiHf over a broad range of Hf contents and compare the results with our experiments on 13Hf and 25Hf contents. Previous experiments over the last 10 years have reported strains far less than 4% for the NiTiHf alloys, while the present work provides strain magnitudes that exceed 10% which is much closer to theoretical predictions. The previous experimental results were mostly in compression, and in the present study, we also focus on tension with much higher strains. We report the results of nearly 60 experiments with single crystals oriented in selected orientations. We found that [111] orientation is superior in tension to produce high transformation strains, while orientations near the [011] pole are more favorable in compression. The present work has focused on both superelasticity and shape memory (thermal cycling) experiments. Previous work has focused on temperatures less than 250°C, while in this work, our transformation temperatures are near 400°C for the 25Hf composition.
The paper is organized as follows. (i) Firstly, we report the lattice constants determined via density functional theory (DFT) for 6.25, 12.5, and 25Hf compositions. Those of 15 and 20Hf materials from literatures have been included in this paper as well. A trend has been noted between monoclinic angles and Hf compositions. A comparison was made between the DFT results and those measured via TEM diffraction patterns for the 25Hf case. In addition, the microstructures of the samples with 25Hf have been characterized in this work as well. (ii) Secondly, the habit plane systems have been established for 6.25, 12.5, and 25Hf compositions. Based on the determined habit plane system, the theoretical calculation of the transformation (recoverable) strain for correspondent variant pair (CVP) formation and detwinned martensite for single-crystal NiTiHf has been undertaken. The prediction of the transformation strains using lattice deformation theory (LDT) was performed as well in this study. The similarity between the CVP ? detwin strain and LDT strain is noted. These calculations pinpoint that the phase transformation favors more in Overall, this work provides a timely contribution to the understanding of the new NiTiHf SMAs with a wide range of Hf compositions (as high as 25%) via comparisons between theoretical and experimental results. The good agreement between the two confers great potential in this class of materials. This work also highlights the need of a multifaceted approach, including (i) the DFT calculations, (ii) the TEM micrograph for characterizing microstructures, and (iii) the DIC measurement for pinpointing the spatial distribution of the strain contours, for the future SMA research.
Results of the Present Work Determination of Lattice Constants
We consider alloys that follow the atomic composition NiTi 50-x Hf x with the Hf atomic content percentage x ranging from 0 to 25 for DFT calculations. The six different alloys considered in this work and their lattice constants are plotted (Fig. 1) . For the cubic to monoclinic transformation strain determination, the lattice constants include the cubic (B2) constant a 0 and monoclinic (B19 0 ) constants a, b, c, and the monoclinic angle. For the Fig. 1 The variation of the lattice parameters and the monoclinic angle with increasing Hf content. The lines are drawn to aid the eye monoclinic crystal structures, c is the longest axis, a is the shortest axis, and b is intermediate in length. The monoclinic angle (b) is the angle between the a and c axes. For an orthorhombic structure, the monoclinic angle would be 90°. For the B19 0 crystal, it increases from 97°to 106°with increasing Hf, which is substantial.
The lattice constants in Fig. 1 0 lattice structure. The small energy difference between the two phases is noted, so these results do not preclude the possibility of B19 domains for the 25Hf case, but it is expected that B19 0 structure is dominant.
Transformation Strains for CVP Formation
During the phase transformation from austenite to martensite, the newly formed martensite crystal is internally twinned. The two twin-related martensite variants are called a correspondent variant pair, or CVP. As the phase transformation progresses, the twinned martensite crystal begins to experience detwinning, a process in which one variant within the CVP grows at the expense of the other [21] . We compute two values of transformation (recoverable) strains for single crystals. The transformation strain from the formation of CVPs is called the CVP formation strain, or simply the CVP strain. The transformation strain from the formation and detwinning of CVPs is called the CVP formation and detwinning strain, or simply the CVP detwinning strain (e CVP ? detwin ). Since e CVP ? detwin includes both CVP formation and detwinning, it is an estimate of the total transformation strain. Another way to model the total transformation strain for single crystals is the lattice deformation theory (LDT) [43] . The LDT calculates the upper limit of the recoverable strain by assuming that austenite transforms into single crystal of martensite. Both the LDT strain e LDT and e CVP ? detwin are calculations of the total transformation strain, and as expected, we show that a close correspondence exists between the two. LDT strains for [111] tension as a function of Hf content are shown in Fig. 2 . For NiTi and NiTiHf alloys, a number of different twinning modes may coexist in the martensite crystal during the phase transformation ( Table 2 ). These modes of twinning are classified by their twin plane (interface plane between the variants in a CVP) normal n and twinning shear direction a. In Type I twins, the twin plane normal has rational indices. In Type II twins, the twin shear direction has rational indices. In compound twins, both the twin plane normal and twin shear direction have rational indices. Although the [011]-Type II is the predominant twinning mode in the binary NiTi alloy [22] , the most frequently observed twinning modes for NiTiHf alloys with high Hf content are the (011)-Type I and (001) [001]-Compound twins [32] . Therefore, the energy minimization calculations are focused on the (011)-Type I and (001)
[001]-Compound twins for all alloys considered in this work. Two habit plane solutions are obtained as shown in Table 2 where the m and b designate the habit plane normal and habit plane shear, respectively. In the next sections, we explain the determination of the a, n, b, and m and the computation of the CVP strain formation followed by lattice deformation calculations. 
CVP Formation and CVP Detwinning Strain
The lattice orientations of the parent and twin phases are related through a number of different lattice correspondence variants. There are a total of 12 lattice correspondence variants for a cubic to monoclinic transformation, and six variants for a cubic to orthorhombic transformation. For each lattice correspondence variant, a deformation gradient tensor F and its symmetric part U can be determined. The components of the F and U matrices are functions of the lattice constants [22] . The lattice constants used in the calculations have been summarized earlier in Fig. 1 . There are some differences in the constants for NiTi20Hf among DH, HK, OB, and AS, but the transformation strains calculated are rather close. The kinematic compatibility between the two variants in the CVP across the twin plane requires that
where U i and U j represent the i-th and j-th variants forming the CVP, R ij is an orthogonal rotation tensor between the two variants, n is the twinning plane normal, and a is the twinning shear direction. There is no summation of the index. The kinematic compatibility between the twinned martensite and parent austenite requires that
where I is the identity tensor, m is the habit plane (interface plane between the twinned martensite and parent phase) normal, and b is the martensitic transformation shear. For a stack of thin twin layers, F M is defined by
where f and 1-f are the volume fractions of the two lattice correspondence variants, and R h is the relative rotation between the twinned martensite and the parent phase. Substituting Eqs. (1) and (3) into Eq. (2),
There are 84 equations in Eq. (4), which means that there are 84 sets of (a, n) in theory. However, some sets of lattice constants may not have all 84 solutions.
A symmetric matrix C is defined as
Substituting for F M in terms of f, the matrix C(f) can be rewritten as
In order for Eq. (4) to have solutions, C(f) must have ordered eigenvalues of k 1 B k 2 = 1 B k 3 , which can be obtained from
Using the ordered eigenvalues k 1 B k 2 = 1 B k 3 , the solutions of b and m are
where q is a constant used to normalize the vectors and j = ±1, which means Eqs. (8) and (9) represent two sets of (b, m). In theory, there are a total of 192 sets of (b, m), after taking solutions for both f and 1-f into account. However, some sets of lattice constants may not have all 192 solutions for (b, m).
After having determined the sets of (b, m), the transformation CVP strain, e CVP , can be calculated as
To calculate the detwinning strain, the volume fraction f is set to 0 if f \ 0.5. This changes the F M matrix from Eq. (3) to
If f [ 0.5, then f is set to 1. In this case, the
Using F dt M , the total transformation strain (CVP formation and detwinning), e CVP ? detwin , can be calculated in a similar way as Eq. (10), with F M being replaced by F dt M .
Lattice Deformation Theory Calculations
The total transformation strain for single crystals can also be calculated using LDT. Unlike the energy minimization theory, LDT assumes that a single crystal of austenite transforms into a single crystal of martensite, without considering the effect of twinning. Therefore the total transformation strain is directly calculated using the deformation gradient tensor F [43, 44] ,
where F is the deformation gradient tensor for a lattice correspondence andê is the unit vector in the direction of the single crystal's orientation. There are 12 such correspondences in the cubic to monoclinic transformation, and all 12 are utilized to select the one that renders the highest strain. Both e LDT and e CVP ? detwin calculations yield essentially the same transformation strain values. LDT does not consider the intermediate processes of CVP formation, and considers transition from single crystal of pristine austenite to single crystal of martensite. Clearly, the calculations represent an ideal case because the presence of precipitates and slip domains at interfaces will result in a deviation from the ideal conditions.
The NiTiHf alloys with different Hf content are distinguished from one other in the transformation strain calculations by variations in lattice parameters. The lattice parameter that shows the most noticeable variation is the monoclinic angle, which displays a clear positive correlation with Hf content (Fig. 1) . The LDT calculations are given in Figs. 3 and 4 . The two most important orientations of interest are the [111] and [011] ones. The results show that with increasing Hf content, the transformation strains to rather high levels in tension and increase to moderately high levels in compression (Figs. 3, 4) .
The transformation strains with increasing Hf content are given in the stereographic triangles in Figs. 4 (Table 3 ; Fig. 7 ). These shifts in the crystal orientation of the high transformation strains are ultimately caused by the changes in the lattice constants induced by the increase in Hf Fig. 3 The LDT strain for [011] single crystal under compression, the inset shows the monoclinic lattice for 25Hf composition. The lattice constants obtained from different investigators are marked with their initials Fig. 4 The LDT strain contours for single crystals of NiTi and NiTi12.5Hf (cubic to monoclinic). We note the increase in transformation strains with addition of Hf content, and most prominently the increase in the monoclinic angle.
The (011)-Type I twinning is of particular interest in this work, because it is generally the predominant mode of twinning in NiTiHf alloys [32] . Under compressive loading, the difference between (011)-Type I e CVP and e CVP ? detwin is very small. Under tensile loading, the difference is large (often [40%) for the (011)-Type I case. Overall, the model therefore predicts that the detwinning strain is much more significant for deformation under tension than under compression. Morphological and crystallographic aspects of martensitic and precipitate phases are presented in Fig. 9 . Figure 9(a, b) shows the bright-field (BF) image and Fig. 7 (011) -Type I CVP strain contours for single crystals of NiTi25Hf (cubic to monoclinic). The tension compression asymmetry of the transformation strains is noted corresponding SAEDP, respectively. The details of SAEDP have been discussed in Fig. 8 . There are fine striations less than 5 nm and particles about 10 nm in diameter with dark contrast in (a). The striations are clearly visualized in each of dark-field images in Fig. 9 (c-e) taken using DF1-3 reflections in (b), respectively. The SAEDP and dark-field (DF) images suggest that there are 3 habit plane variants M1-M3 consisting of (001) B19 0 compound twins in the observed area. The twinning mode of the martensite is again discussed later. The interface between habit plane variants is very complicated in comparison to that in the solution-treated NiTi binary system [45] . The similar martensite morphology has been observed in aged Ni-rich NiTi binary alloy including fine Ni 4 Ti 3 precipitates [46] . The size of precipitate, i.e., H-phase, is about 10 nm as mentioned above. It is noteworthy from the DF image in Fig. 9(f) that the H-phase in NiTi25Hf has block shape rather than lenticular one in low Hf content alloys [28, 39] . Figure 10 shows SAEDP taken from NiTi25Hf aged at 500°C for 4 h along [100] B19 0 , which is parallel to \100[ B2 . The pattern consists of eight sets of reflections, i.e., 2 (011) B19 0-Type I twin-related martensites and four precipitate variants. They can be also consistently indexed by lattice parameters of monoclinic martensite and orthorhombic precipitate, respectively. Figure 11 (a, b) shows the bright-field (BF) image and corresponding SAEDP, respectively. The details of SAEDP are discussed in Fig. 10 . There are alternated platelets about 10 nm or less in width and particles about 10 nm in diameter with dark contrast in (a). The platelets are clearly visualized in each of dark-field images in Fig. 11 (c-e) taken using DF1-3 reflections in (b), respectively. The SAEDP and dark-field images suggest that there are two habit plane variants M1 and M2 consisting of (011) B19 0 Type I twins in the observed area. DF image in Fig. 11(f) is out of BF image where the Bragg condition is slightly not satisfied. However, precipitates are clearly visible. The shape and size of precipitate are similar to those in Fig. 9 , although the incident electron beam is different. This also suggests that the shape of precipitate is blocky rather than Fig. 9 a BF image and b corresponding SAEDP taken from NiTi25Hf aged at 500°C for 4 h. c-f DF images taken using DF1-4 reflections, respectively lenticular. From these observations, it is concluded that there are (001) B19 0 compound twins in (011) Type I twin plates. The same situation has been observed in NiTi12.5Hf alloy [28] . We have further illustration of the presence of (011) Type I twin plates and (001) B19 0 compound twins in the solutionized case in Fig. 12(a-d) because the calculations for the transformation strains assume solutionized conditions. Therefore, it is important to confirm that there is no change between the aged and solutionized case in terms of the twin system. Figures 12  and 13 show the existence of (011) Type I and (001) compound twins, respectively. The corresponding electron diffraction patterns can be consistently indexed by lattice parameters of monoclinic martensite: a = 0.309, b = 0.421, c = 0.478 nm, and b = 105.9°.
Experimental Results on NiTi13Hf and NiTi25Hf
We provide a summary of our experimental results for the 13Hf and 25Hf cases that have not been published in our previous studies in Figs. 14, 15, 16, and 17. In Fig. 14 , the results show the superelasticity of the 13Hf alloy exhibiting strains exceeding 6.5% for [111] orientation in compression. The DIC images are depicted at locations 1 and 2 of the stress-strain curve. The strains are fully recovered upon unloading. The DIC results can be used to define a local and global strain measure. As noted in the insets in Fig. 14 , there are elastic domains that do not transform. The local measure of strain represents the intrinsic transformation strain without the influence of the elastic domains. Such high strains in compression exceed previously reported values. We note that the stress magnitudes are as high as 1500 MPa which can open new application for this alloy.
In Fig. 15 , the results are shown for isobaric experiments for the 13Hf for [111] orientation in tension. The temperature is cycled under constant stress. The strain levels exceeded 13% in tension which are higher than previously reported experimental levels in binary NiTi [21, 47] . As stated earlier, small increases in Hf can result in considerable elevation of the transformation strain. The tensile experimental result for the low Ni content NiTi25Hf alloys is shown in Fig. 17 under temperature cycling. Both local and global strains are shown, and the transformation strain in tension is nearly 10%. The remarkable observation is that the A f exceeds 400°C. In Fig. 17(b) , we compare the traces of the habit planes as evident from the strain localization with the variants predicted from the phenomenological theory. The habit planes associated with variants #3, #11, and #9 coincide with the austenite/martensite interfaces that are noted in the DIC images below. The variants #3, #9, and #11 belong to the habit plane family given in Table 2 as {-0.0125 0.8204 -0.5716}. Note that we are only showing 12 out of 24 variants for brevity. In summary, the in situ measurements of A/M interface orientations as reported here showed excellent agreement with the phenomenological theory lending support to our transformation strain calculations.
Comparison of Experimental Results and Theoretical Results
A compendium of the experimental results and the theoretical predictions are shown in Figs. 18 and 19 . The experimental results are given for NiTi13Hf and NiTi25Hf single and polycrystals. The experimental results are compared with theory for a number of single-crystal orientations. There are nearly 60 experiments conducted providing an extensive experimental database. The experimental results were obtained from three types of experiments: (i) shape memory (deform below M f , unload to zero stress, and heat for recovery), (ii) superelasticity (load and unload at constant temperature), and (iii) isobaric temperature cycling (under constant stress). In the shape memory experiments on NiTi13Hf, the specimens were deformed at -30°C and at higher temperatures near 50°C for superelasticity. The recoverable strains were in the range 12-22%. The range of experimental results are indicated with error bars. The specimens are from different batches of single crystals with small variations in composition (in both Ni and Hf contents) which result in variation of results. These results are very impactful because of the large strains. The transformation strains in tension are very high in [111] orientation with experimental results exceeding the theoretical values in same cases. This is possibly due to additional twinning modes that may be recoverable beyond the phase transformation. The polycrystalline results fall below the [011] strain levels in Fig. 18 . In Fig. 19 Fig. 19 are far higher than those in Fig. 18 .
The most noteworthy results are the following: (i) in isobaric experiments on [111] NiTi25Hf (at a constant stress of 250 MPa) resulted in strain near 10%, (Fig. 16) (ii) on [111] NiTi13Hf isobaric tension, the transformation The specimen was aged at 550°C for 11 h. The local strain-strain behavior (blue curve) was obtained within the rectangular volume, while the overall strain measurement (black curve) was presented by averaging the entire DIC region (Color figure online) strain was as high as 14% (Fig. 15) , and (iii) in superelasticity experiment on [111] NiTi13Hf under compression, the strain was near 7% (Fig. 14) .
The experimental points are obtained using local strain measurements via digital image correlation (DIC). The details of DIC method can be found in [25, 48, 49] . Local strains determined with DIC technique establish the maximum transformation strains for the specific crystal orientation. The results presented represent the intrinsic maximum transformation strain obtainable along a specific crystal orientation.
The polycrystalline transformation strain is also shown in Figs. 18 and 19 using a micromechanical model [50] . The orientations of the grains are measured using electron back scattering diffraction (EBSD). In the micromechanical model, the transformed martensite is treated as an inhomogeneity embedded in a grain. The internal stress is calculated, upon averaging over multiple active variants, and provides a measure of the overall stress. The overall transformation strains are calculated by considering the transforming inhomogeneity constrained by the surrounding matrix. The grain orientations are measured with EBSD and used as input to the model. In our case, it was found that the polycrystalline grains favored the [011] orientation. An example of EBSD measurements and the local deformation is shown in Fig. 20 . The strain fields obtained with DIC were successively overlapped and a direct correlation between transformation strains and grain orientation was then obtained for the polycrystalline specimens. The largest strains were measured for those grain orientations predominantly oriented along the [011] direction in compression. We note that the grain orientations near [011] and [111] poles exhibit the highest shape memory functionality for compression and tension, respectively. The grains near the [001] pole exhibit small strain values in both cases. 
Discussion of Results
We note that the stress-strain curves for the [111] compression case (Fig. 14) show an inhomogeneous martensitic transformation. A stress plateau typically identified with SMA alloys ensures transformation, while an ascending stress-strain curve reaches the slip stress which results in irreversibility. In this latter case, multiple martensite plates are nucleated which elevates the stress upon deformation. Fortunately, the hardening level (due to possible martensite-slip or martensite-martensite interaction), i.e., the slope, is not sufficiently high to elevate the stresses to create dislocation slip at the macrosacle. Our recent DFT calculations point to very high critical shear stress levels for slip in NiTiHf alloys (CRSS = 614 MPa for NiTi25Hf case), and therefore, these alloys can accommodate higher internal stresses compared to binary NiTi. Austenite-yielding Schmid factors are near 0.5 for the prevailing \100[ {110} slip system [ to achieve high strains without gross slip deformation. Based on the stress-strain curves, the uniaxial flow stresses, near the M d temperature, are 1100 MPa and 900 MPa for NiTi13Hf and NiTi25Hf, respectively. These values are higher than the 500 MPa level for binary NiTi [53] . The Md temperature is the temperature above which slip dominates. The M d temperatures are 110 and 380°C for NiTi13Hf and NiTi25Hf, respectively. A linear extrapolation of the high-temperature results should be made for the NiTi25Hf case to compare these results at the same temperature (this results in flow stress exceeding 1600 MPa for the NiTi25Hf case). We note that the critical stress for austenite to martensite transformation is lower than the slip stresses for NiTiHf alloys. When the A f temperature is of the same order as M d temperature, this would limit the superelastic window in NiTi25Hf compared to NiTi13Hf. At the same time, the isobaric shape memory functionality of NiTi25Hf is extraordinary, and not affected by the closeness of A f -M d , as shown in Fig. 17 .
Martensite detwinning can result in a single martensite variant that is dominant [21] . The detwinning strain is calculated as an additional transformation strain component. The detwinning strain in tension in NiTi-based alloys is considered to be significant. We have considered all possible twin systems in our calculations and focused on the Type I twinning observed in experiments. Considering  Fig. 15 , we note that the transformation strain locally is reaching 13% and this value is consistent with Table 4 row 3. We selected the [111] orientation to give the highest transformation strain in tension based on theory, and our results confirm this finding. Reorientation of martensite occurs as further detwinning develops. In this case, martensite plates containing Type I twins migrate under tensile deformation. In contrast, under compression, this mechanism was not favored resulting in smaller strain magnitudes. We note that the detwinning process can be curtailed due to grain boundaries in polycrystalline alloys.
The results (Fig. 14) show that the unloading modulus of the martensite is higher than the austenite elastic modulus in NiTiHf alloys. This is a topic of current importance because there is a misconception about the moduli of the two phases. As noted in our previous work [54] , the martensite moduli are higher than austenite moduli. The higher martensite modulus creates favorable fatigue crack growth resistance as noted in early work [49] .
The constant stress levels for thermal cycling experiments in NiTi [47] were mostly less than 200 MPa, and at higher stress levels, permanent inelastic deformation occurs. The response of strain-temperature is highly nonlinear as seen in Figs. 15 and 17 but at much higher stresses (450 MPa) in NiTi13Hf and 250 MPa in NiTi25Hf. These nonlinear strain-temperature curves point to the strong role of variant-variant interaction, the high levels of stored elastic energy and result in a more gradual transformation upon cooling [47] . Also, a wider hysteresis is noted in NiTiHf alloys (near 60°C in Figs. 15 and 17) (Fig. 14) . Although the [001] pole has been shown to be of interest in NiTi alloys [22] because of low Schmid factor for slip and good transformation strains in compression, the theoretical predictions showed that the transformation strain in [001] direction in fact decreased with increasing Hf content. The experimental results summarized in Fig. 19 confirm that [001] pole results in very small transformation strains.
The Clausius-Clapeyron equation has been established based on the experiments, the dr/dT values pointed to 14 MPa/°C for NiTi13Hf ([011] orientation), while the slope was 10 MPa/°C for NiTi25Hf. The criteria for superelasticity [55] have been shown to be favored with a lower thermal hysteresis, A f -M s , lower dr/dT, and lower transformation stress relative to slip stress. For NiTiHf, the hysteresis levels exceed the values for NiTi, while a higher slip resistance facilitates superelasticity. In that regard, the NiTiHf alloys are similar to high Ni 51.5Ni-Ti alloys where superelasticity can readily occur [56] . The main difference is that in 51.5Ni-Ti alloys, the transformation strains are less than 3% unlike the NiTiHf alloys where the strains are exceeding 10%. Therefore, the NiTiHf alloys present unique properties in the SMA field.
Conclusions
The work supports the following: plane orientation obtained from DIC is in perfect agreement with the predicted habit plane variant from theory providing independent support on the calculations of lattice constants and the phenomenological theory. 3. The theoretical transformation strains shift to higher levels as Hf content increases. This is ultimately related to the changes in the lattice constants (most prominently the monoclinic angle is approaching 105.4°for the 25Hf case) induced by the increase of Hf content. The polycrystalline alloy transformation strains were also predicted using the EBSD/X-ray diffraction results and a micromechanical analysis. The polycrystal compression specimens have preferred \011[ texture and showed experimental (and theoretical) levels comparable to \011[ single crystals tested in compression. The transformation strains levels in compression are higher than 6% which exceeds binary NiTi alloys. 4. Based on the theoretical results, the detwinning strain is much more significant for deformation under tension than under compression. Theoretical transformation strains for detwinned martensite and lattice deformation theory are in general agreement. Because of the high slip resistance of NiTiHf alloys, the transformation can proceed even at high stresses without the propensity of gross slip. 5. The lattice constants measured with selected area diffraction using TEM and the DFT results are in excellent agreement and point to large monoclinic angles which result in large transformation strains. The TEM results confirm the presence of Type I transformation twins and (001) compound twinning. The twin types are the same in aged and solutionized crystals. The results point to blocky precipitates as opposed to lenticular ones rich in Ni and Hf. used a 9 9 9 9 9 Monkhorst-Pack k-point meshes for the Brillouion-zone integration to ensure the convergence of results. Ionic relaxation was performed by a conjugate gradient algorithm. The energy cut-off of 360 eV was used for the plane-wave basis set. The total energy was converged to less than 10 -5 eV per atom. For lattice constant determination, a full internal atom relaxation was allowed for minimizing the total energy of the crystal. For cubic crystal, we obtained the energy variation of the crystal with respect to different lattice parameters in our simulations. The equilibrium lattice constant corresponding to the minimum structural energy (for austenite) was obtained as 3.089Å . The lattice constants obtained through DFT calculations which are within 2% of the experimentally observed value. In case of monoclinic NiTiHf, we undertook energy minimization with respect to each of the lattice parameters sequentially. The orthorhombic structure can be derived from the cubic structure by allowing lattice parameters to change for the constant monoclinic angle. This deformation can be expressed in terms of the lattice constant ratios b/c and a/c for a fixed volume.
While the martensitic transformation in equiatomic NiTi has been well studied, that of the NiTiHf is still lacking. We note that the transformation from B2 to B19 0 phase occurs through an intermediate B19 phase during which the lattice constants and monoclinic angle change. Here, we present the complete energy pathway associated with the martensitic transformation in NiTi25Hf. It is proposed that B2-B19 transformation occurs by the application of a \110[ {110} basal bilayer shear and shuffle [59] . Further \110[ {001} nonbasal shear transforms the B19-B19 0 structure. The shear displacements are shown as horizontal axis in Fig. 22 . We observe that during the transformation from B19 to B19 0 , the c-axis elongation is prominent. Our first-principles energy calculations confirm that B19 0 has a lower energy compared to B19 structure by 25 meV/atom. The energy transformation barrier from B2 structure to B19 requires overcoming a barrier of 2 meV/atom and B19-B19 0 close to 4.6 meV/atom. As stated earlier, the energy barrier between B19 and B19 0 is small, raising the possibility that B19 could exist in micro-domains. This is beyond the scope of this paper. Fig. 21 Energy minimization to obtain the lattice constant of B2 NiTi25Hf. The total energy is reported for 4 atoms in a cell Fig. 22 B2-B19-B19 0 transformation path of NiTi25Hf (schematics not to scale). The austenitic crystal structure is B2, and energy/atom is given with respect to B2 energy.
